A B S T R A C T
Administration of digitalis in heart failure (HF) increases quality of life but does not carry a prognostic benefit. Digitalis is an indirect inhibitor of the Na + /Ca 2+ exchanger (NCX), which is overexpressed in HF. We therefore used the cardiac glycoside ouabain in Ca 2+ imaging experiments and patch-clamp experiments in isolated ventricular myocytes from nonfailing transgenic NCX overexpressor mice (OE). In field-stimulated myocytes, ouabain (1-100 lM) increased the amplitude of the Ca 2+ transient in OE and wild-type (WT) similarly. Ouabain-mediated spontaneous Ca 2+ -activity was significantly more pronounced in OE compared to WT myocytes at higher concentrations (100 lm). Also, at very high concentrations (1000 lM) of ouabain, the number of cells with hypercontraction leading to cell death was higher in OE. Ouabain (10 lM) shortened the action potential duration in both genotypes. Our findings suggest that the proarrhythmic but not the inotropic effects of cardiac glycosides are enhanced by increased NCX expression. This may offer an explanation for the observed lack of prognostic benefit but increased quality of life in HF, which is accompanied by NCX upregulation.
I N T R O D U C T I O N
Clinical experience with cardiac glycosides is ambivalent: there is a haemodynamic benefit reducing hospitalization and increasing quality of life in heart failure patients, but there is no reduction in mortality [1] . Recent subgroup analyses from the SPORTIF [2] and the AFFIRM [3] trials have even reported an increased mortality, possibly due to increased arrhythmia burden, although this finding is debated [4, 5] . These observations suggest that adverse effects of digitalispossibly increased arrhythmia burden -may counter the benefits of cardiac glycosides mediated by its positive inotropy.
The Na + /Ca 2+ exchanger (NCX) is a transmembrane ion exchange protein that serves as the main Ca 2+ extrusion mechanism of the cardiac myocyte. NCX extrudes 1 Ca 2+ ion from the cardiac myocyte in exchange for 3 Na + ions. As a non-ATP-consuming exchange protein, its activity mainly depends on the transsarcolemmal Na + and Ca 2+ gradients (for review see [6, 7] We here used isolated ventricular cardiac myocytes of a murine NCX-overexpression model (OE). This model is devoid of significant structural or molecular alterations associated with heart failure below the age of 12.5 weeks [12] and thus offers a unique constellation to investigate the influence of increased NCX activity as an independent factor affecting cardiac glycoside-mediated inotropy and proarrhythmia.
M E T H O D S
Generation of transgenic mice Generation of OE mice was previously reported [12] . PCR was used for genotyping. All institutional and national guidelines for the care and use of laboratory mice were followed and have been approved by the local animal welfare authorities (Landesamt f€ ur Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen). Animals used in this study were between 8 and 12.5 weeks of age. There was a balanced male/female ratio and similar average ages of mice at the time of experimentation between both genotype groups (Table S1 ).
Isolation of ventricular myocytes from adult mouse hearts Isolation of adult ventricular myocytes was performed as previously reported with minor modifications according to the method of . In contrast to the former isolation protocol, intraperitoneal injection of heparin was replaced by addition of 500 IE Heparin to the Langendorff perfusion system. For degradation of the extracellular conjunctive tissue, collagenase type 2 (190 U/mg; Worthington Biochemical Corporation, Lakewood, NJ, USA) and protease of Streptomyces griseus (7.3/mg; Sigma Aldrich Life Science, Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany) were applied for 6 min (AE20 s). set-ups and technical aspects of the measurements have been described previously [13] .
Cellular

Statistics
Data are expressed as mean AE SEM. Two-way ANOVA for repeated measures was applied when the same cell populations were investigated in two or more conditions. Rates and proportions were statistically analysed using the z-test. A P-value < 0.05 was considered to be statistically significant. plasma concentration of the clinically applied digoxin. As demonstrated previously, ouabain toxicity is more than 100-fold higher in human compared to murine cultured cells [15] and the IC 50 -value amounts to 105 lM for mice [16] . In accordance with previous studies [8, 9, [17] [18] [19] , we found a linear concentrationresponse correlation in a micromolar ouabain concentration range.
R E S U L T S
Ouabain caused a significant increase in the Ca 2+ transient amplitude in both groups. There was a trend towards a smaller increase at 100 lM ouabain in OE vs. WT; however, this did not reach statistical significance (Ca 2+ transient amplitude in % vs. basal; 100 lM ouabain; WT: 177.3 AE 9.8; n = 20/5 animals; P < 0.001 vs. basal; OE: 159.1 AE 13.1; n = 19/4 animals; P < 0.001 vs. basal; P = 0.075 OE vs. WT; Figure 1a ,b). At the same time, ouabain caused a significant increase in diastolic Ca 2+ concentration in both genotypes, that was similar between both genotypes at 1 and 10 lM but was more pronounced in OE at 100 lM (diastolic Ca 2+ level in % vs. basal; 100 lM ouabain; WT: 109.9 AE 0.9; n = 20/5 animals; P < 0.001 vs. basal; OE: 113.3 AE 1.5; n = 19/4 animals; P < 0.001 vs. basal; P < 0.001 OE vs. WT; Figure 1a ,c).
Ouabain-mediated Ca 2+ overload and cell death in OE and WT To test the response towards potentially toxic levels of ouabain, field-stimulated cells were exposed to 1000 lM of ouabain while recording the Ca Under baseline conditions, the fraction of cells exhibiting one or more events ('event-positive cells') was significantly higher in OE (83%) compared to WT (13%; Figure 3a,b) , which is consistent with our previous study [ In the presence of ouabain (100 lM), the fraction of cells exhibiting one or more events at the specific concentration ('event-positive cells') was significantly increased in WT (66%); however, even in the presence of ouabain, this fraction was still smaller than in OE (97% Ouabain-mediated effects on the action potential in OE vs. WT To investigate the effects of ouabain on resting membrane and action potential, membrane potential was recorded using the patch-clamp method in current clamp mode from cardiomyocytes paced at 1 Hz (WT: n = 40/10 animals; OE: n = 33/8 animals; Figure 4 ). In the absence of ouabain, the action potential duration to 90% decay (APD 90 ) was prolonged (APD 90 : OE: 173.1 AE 34.1 ms; WT: 90.5 AE 13.5 ms; P = 0.01) and the resting membrane potential was slightly depolarized (OE: À62.7 AE 0. 
D I S C U S S I O N
In patients with heart failure, cardiac glycosides may improve quality of life but have no prognostic benefit in terms of prolonging life [1] . It has therefore been speculated that the positive inotropic effects of digitalis could be counterbalanced by its potential proarrhythmic actions. If this is the case, these counterbalancing effects may directly depend on the degree of NCX activity as cardiac glycosides unfold their influence on Ca 2+ cycling via this exchanger protein. This again may have important consequences for the failing heart, where NCX expression and activity are increased.
Influence of increased NCX expression on ouabain-mediated inotropy and proarrhythmia
In WT, ouabain increased the systolic Ca 2+ transient, which serves as a measure for inotropy (Figure 1b) . (Figure 1b) . Also, at very high concentrations of ouabain (1000 lM) we observed a higher rate of hypercontractile cell death in OE when compared to WT (Figure 2b) . Thus, our data suggest that in an environment of increased NCX activity, the actions of digitalis on inotropy are preserved, while digitalis-mediated proarrhythmia is increased. Currently, we do not have data following up on the potential underlying mechanism. However, a similar observation was made by Satoh et al. [9] who observed no effect of pharmacological blockade of NCX with KB-R7943 on ouabain-mediated inotropy while inhibition of NCX did reduce irregular Ca 2+ activity in the same model. The authors postulated that the positive inotropy of ouabain was mediated via reducing NCX inward mode (i.e. reduced Ca 2+ removal), in accordance with numerous previous studies [8, 20] , which increases the Ca 2+ uptake to the sarcoplasmic reticulum via SERCA. However, Satoh et al.
[ [24, 25] . The latter would by itself pose a proarrhythmic mechanism on the cellular level, as it may predispose to early afterdepolarizations. However, in both WT and OE mice, ouabain shortened action potential duration. Thus, in our model, a potentially proarrhythmic effect on the cellular level mediated via ouabain more likely results from spontaneous Ca 2+ activity induced by Ca 2+ overload and/or NCX reverse mode than by direct influences of ouabain on the repolarization of the AP.
Clinical implications: Cardiac glycoside-mediated proarrhythmia vs. positive inotropy in heart failure There are two main clinical indications for the use of cardiac glycosides, namely as a positive inotrope in heart failure and as an AV nodal blocking agent in atrial fibrillation and selected other supraventricular tachycardias. Our results suggest that heart failure patients may be exposed to a higher risk of glycoside- mediated ventricular arrhythmias because of increased NCX expression, which is associated with heart failure. Our observations further suggest that at the same time, the positive inotropic effect mediated by cardiac glycosides does not seem to be compromised by increased NCX expression, which may contribute to its positive effect on quality of life. Thus, in the presence of increased NCX expression, a potentially beneficial prognostic effect, which one would expect from glycoside-mediated positive inotropy, may be antagonized by increased glycoside-mediated risk towards ventricular arrhythmia. If this was the case, the observations made by this study may offer an explanation for the seemingly paradox effect that ouabain improves quality of life but has apparently no influence on life expectancy. However, the observations made in this study cannot uncritically be transferred into clinical practice as they are derived from isolated myocytes and do not take into account potential effects of digitalis on whole heart electrophysiology. Furthermore, we here use a murine model and there are significant differences in Ca 2+ handling and electrophysiology when compared to higher mammals or human. Also, as outlined above, WT cells were not completely unaffected by the proarrhythmic effect of ouabain as the fraction of cells exhibiting one or more Ca 2+ release events increased under ouabain. Nevertheless, the effect of ouabain in event-positive cells was much more pronounced in OE resulting in a significantly higher overall event rate under ouabain as compared to WT. Nevertheless, the observations made in this study may encourage followup studies by clinical investigations. Thus, patients with and without reduced left ventricular function who receive cardiac glycosides could be compared regarding their vulnerability towards ventricular arrhythmias.
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SUPPORTING INFORMATION
Additional supporting information may be found online in the Supporting Information section at the end of the article. Figure S1 . Illustration of Ca 2+ hypercontraction during ouabain application. Light-(A) and fluorescence-(B) microscopic image of a ventricular myocytes under basal conditions. Application of ouabain (1000 lM) led to a subsequent cell contraction (C and D) finally resulting in hypercontraction and cell death (E and F). Table S1 . Basal parameters of mice entering experimentation. There were no significant differences with regard to the sex or age of mice between both genotype groups.
